Site and mechanism of action of trichlormethiazide in rabbit distal nephron segments perfused in vitro. To determine the exact site and mechanism of action of thiazide diuretics, effects of 10(-4) M trichlormethiazide (TCM) on NaCl transport were examined in the distal convoluted tubule (DCT), the connecting tubule (CNT) and the cortical collecting duct (CCD) of rabbit kidney by the in vitro microperfusion technique. TCM added to the lumen decreased lumen-to-bath 36Cl flux (JCl(LB)) only in the CNT without changing the transmural voltage (VT). In the DCT, 10(-4) M furosemide did not change JCl(LB) even if it was added to the lumen with 10(-4) M TCM, whereas 10(-5) M amiloride in the lumen decreased the lumen-to-bath 22Na flux (JNa(LB)) and VT. In the CNT, TCM added to the lumen did not affect the bath-to-lumen 36Cl flux. Addition of TCM to the bath slightly decreased JCl(LB). Luminal addition of 10(-4) M TCM also decreased JNa(LB). Amiloride at 10(-5) M in the lumen decreased both JNa(LB) and VT. Addition of TCM with 10(-5) M amiloride further decreased JNa(LB) without affecting VT, indicating that TCM affects the electroneutral Na+ transport, which is distinct from the amiloride-sensitive conductive Na+ pathway. When Na+ was removed from the lumen, JCl(LB) was markedly decreased, but addition of TCM did not cause further decrease in JCl(LB). Furosemide did not affect JCl(LB), but addition of both 10(-4) M TCM and furosemide decreased JCl(LB), indicating that 
sites and mechanisms of action within the kidney are not definitely established. The observations that thiazide diuretics decreased free water clearance without affecting free water reabsorption provided indirect evidence that they act on the socalled cortical diluting segments (1) (2) (3) , which include the cortical thick ascending limb of Henle's loop as well as other distal nephron segments.
More direct evidence for distal nephron site of action of thiazides was provided by the in vivo micropuncture and microperfusion studies (4) (5) (6) (7) (8) (9) (10) . However, it is well known that the distal convoluted tubule as defined by the micropuncture technique contains structurally as well as functionally distinct three nephron segments (1 1-14) including the distal convoluted tubule (DCT),' the connecting tubule (CNT), and the cortical collecting duct (CCD). In vivo microperfusion studies in rat distal nephron (8, 10) demonstrated that thiazide diuretics act only on early portion of the distal nephron, suggesting that the distal convoluted tubule is the site of action of thiazide diuretics. In the rabbit, the transitions from one to the other segment along the distal nephron are abrupt (1 1), and therefore functions of a well defined segment can be examined by the in vitro microperfusion technique (13) (14) (15) (16) (17) .
This study elucidates the site and mechanism of action of thiazide diuretics in well defined distal nephron segments. For this purpose, we examined effects oftrichlormethiazide (TCM) on NaCl transport in the rabbit distal nephron segments by the in vitro microperfusion technique. We report that TCM inhibits Na+-Cl-cotransport by acting exclusively on the CNT, at least in the rabbit kidney.
Methods
In vitro microperfusion of isolated renal tubules. The technique of isolated renal tubular perfusion developed by Burg et al. (18) was employed as modified previously (13, 15) . Male Japanese white rabbits, maintained on standard rabbit chow and tap water, were anesthetized with pentobarbital (35 mg/kg, i.v.) and kidneys were removed. Kidney slices 1-3 mm thickness were made and placed in a cooled dish containing an artificial solution simulating intracellular ion composition (KCI 14, K2HPO4, 44, KH2PO4 14, NaHCO3 9, sucrose 160 mM; pH 7.4). The composition was same as Collin's solution except that glucose was replaced by sucrose. This dissection medium was selected because it has been reported that intracellular fluid-like solutions are much better in preserving kidney tissue metabolically (19) as well as functionally (20, 21) . We have also confirmed in preliminary studies that the function of rabbit proximal straight tubule was well preserved even after kidney slices were kept at 5°C for 24 h. Three different distal nephron segments, including the DCT, CNT, and CCD, were isolated by identifying them according to the following criteria. The DCT was obtained from the superficial nephron. The segment was located in the vicinity of the superficial glomerulus, and was identified by its bright appearance. The CNT was obtained from the nephron arcade, and was identified by the existence of at least two branches and its granular appearance. The CCD was obtained from the medullary ray and was identified by its straight shape and light appearance. The validity of this criteria was confirmed in each instance by morphological appearance ofepithelia observed on an inverted microscope during perfusion of the tubules. Detailed morphological descriptions and photographs of these segments have been reported previously (13).
The isolated tubules were transferred to a temperature controlled bath and were perfused at 370C. The compositions of artificial solutions used in this study are shown in Table I . Bicarbonate Krebs Ringer (BKR) solution was the main perfusion medium. In some experiments, the sodium in the lumen was replaced with choline, or the bicarbonate in the bath and perfusate was replaced with Hepes-gluconate (Table I) . Bicarbonate-containing solution was bubbled with 95% 02-5% CO2 to attain a pH of 7.4. Bicarbonate-free solution was bubbled with 100% 02.
The electrical circuit to measure the transmural voltage (VT) was identical to that previously reported (13). A calomel half-cell electrode was connected by an agar bridge to the perfusion pipette. Another electrode was connected by an agar bridge to the bath. The electrical potential difference between the two electrodes was measured with an electrometer (Keithely 602, Keithely Instruments, Inc., Cleveland, OH). It has been reported that the VT of the CNT and DCT were always negative in the lumen and were pressure-dependent (13, 22) . In the CNT, when the perfusion pressure was varied from 2 to 40 cm H2O, the VT decreased as a function of the height of reservoir from about -20 to -2 mV. Therefore, this study was performed at a fixed height ofthe fluid reservoir connected to the perfusion pipette of -10 cm H20. Under these experimenttal conditions, the perfusion rate and VT were maintained between 5 and 10 ni min' and between 0 and -10 mV, respectively. Gross et al. (22) have reported that administration of amiladded to the bath and or lumen on JO(LB). After the control oride to the lumen of the rabbit DCT suppressed the lumen period, 10-4 M TCM was added at first to the bath, and then negative VT. Therefore, in the second protocol, we intended to the drug was added to the lumen with the drug concentration confirm and extend their observation by examining effects of in the bath being kept constant. In the last period, the drug was amiloride on the lumen-to-bath Na' flux. As ( Table IV) . The results show that TCM did not affect the Effect on Na' flux. To examine whether the inhibition of bath-to-lumen Cl-flux. However, it is difficult to estimate the C1-transport by TCM is associated with an inhibition of Na' net Cl-flux across the CNT by comparing with the data shown transport, we observed effect of 10-' M TCM in the lumen on in Table III Table V . It is clear that TCM decreases net Cl-flux in Since TCM inhibited NaCl transport in the CNT without the CNT.
affecting VT, it is unlikely that the drug influences rheogenic In order to examine whether the luminal application is the transport processes. To confirm this issue, we examined major route of diuretic action, we observed the effect of TCM whether TCM inhibits only the Na' flux which is independent Effect on parallel antiport ofNa+/Hi and CltHCOy. It has been reported in various epithelia that the parallel antiport of Na+/H+ and Cl-/HCOQ is one ofthe mechanisms which represent apparent Na+-dependent Cl-transport. In order to examine whether the bicarbonate-dependent Cl-transport, if exists in the CNT, is the major component of the inhibitory effect of TCM, we observed effect of HCO5 elimination on Cl-flux in the presence or absence of TCM. The results are summarized in Fig. 7 . When HCO5 was eliminated from the entire system, JCi(LB) decreased from 705 to 569 pmol mm-' min-'. In the absence of HCO5, addition of 10-4 M TCM further decreased JCI(LB) to 461 pmol mm-' min-', indicating that the inhibitory effect of TCM was additive to the effect of bicarbonate elimination.
To examine whether the parallel antiport system is independent of TCM-inhibitable Cl-flux, we observed the effect of DIDS on JCI(LB) in the presence or absence of TCM. The data shown in Fig. 8 revealed that 10-3 M DIDS added to the lumen slightly decreased JCI(LB) and that addition of I0-4 M TCM with 10-3 DIDS further caused a large decrease in JC(LB). This would indicate that the TCM-inhibitable Cl-flux is distinct from the DIDS-inhibitable component. (4) , using split oil-droplet technique, found that chlorothiazide inhibits sodium transport in both proximal and distal convolutions. Although early free-flow micropuncture studies in the dog (25) and rat (26) have failed to demonstrate the action of thiazides on the proximal tubule, a number of subsequent studies have confirmed that thiazides inhibit sodium chloride reabsorption in this segment (6, 25, 27, 28) . However, the inhibition by thiazides of sodium chloride reabsorption in the proximal tubule may not contribute in major way to the increase in urinary excretion of sodium chloride, because the increase in distal delivery of sodium chloride is compensated by the increased reabsorption ofsodium chloride in the loop of Henle (6). Free-flow micropuncture (6, 9) and in vivo microperfusion study (7, 8, 10) in the rat clearly demonstrated that thiazides inhibit sodium chloride transport in the distal tubule.
Although the cortical thick ascending limb has characteristics of the cortical diluting segments, Schlatter et al. (29) reported that thiazide did not affect C1-transport in this segment isolated from rabbits. The distal tubule as defined by micropuncture studies is a heterogeneous segment composed of several morphologically as well as functionally distinct segments, including the DCT, the CNT, and the CCD (1 1-14) . In vitro microperfusion of isolated nephron segments is expected to provide a good mean to identify the exact site of action of thiazides in the distal nephron segments. We have chosen the rabbit kidney to examine this issue for the following three reasons. First the isolation of individual distal nephron segments from the kidney without enzymatic treatment is technically feasible only in the rabbit (13-17). Second, informations on the functional heterogeneity are available in the distal nephron segments ofthis species (13-17, 22) . Finally, the morphological transition from one segment to another is so abrupt in the rabbit kidney that we may obtain a pure segment without contamination of other segments (1 1, 12) . The Our observations are apparently contradictory to those of Costanzo (9) and Ellison et al. (10) , who reported that in the rat chlorothiazide inhibited NaCl transport only in the earliest distal nephron segment but not in late distal segments, which presumably included both the CNT and initial collecting duct. Although we do not know how to explain this discrepancy, species difference in the morphology of the distal nephron segments between rats and rabbits may be, at least in part, responsible for this discrepancy. It should be noted that in the rat distal nephron the transition from one segment to the other is gradual and both intercalated cells and connecting tubule cells are intermingled in early distal portion (12) . Because of the discrepancies between rats and rabbits with regard to the target segment ofthiazide action, we have tried to provide more information on the characteristics of the rabbit DCT (Figs. 2 and 3) . We confirmed that the DCT has an amiloride sensitive Na+ transport system in the luminal membrane as does the CNT. The luminal membrane of the DCT may lack a Na'-K+-2ClF cotransport system that is supposed to be sensitive to furosemide. Even combined administration of furosemide and TCM did not affect Cl-transport of the DCT. Thus the segment of DCT that we identified is clearly distinct from either the thick ascending limb or the CNT.
Kaissling and Kriz (11) have reported that each distal nephron segment in the rabbit kidney consists of different types of epithelia: the DCT consists of a single population of the distal convoluted tubule cell; the CNT contains the connecting tubule cell and the intercalated cell, and the CCD is composed of the principal cell and the intercalated cell. On the basis of this morphological distinction of epithelial constituent in each segment, we can determine which type of epithelia is the target of the action of thiazides. The DCT cell is clearly excluded, since the segment ofDCT consist of single cell population and TCM was without effect. If the intercalated cell were to be the target, thiazides could have inhibited sodium chloride transport in the CCD as well. Thus, it is most likely that the CNT cell is the target of thiazides. It is of interest to note that in the Amphiuma late distal tubule hydrochlorothiazide acts on one of two cell types having conductance to K+ and Cl-in the basolateral membrane (31) . However, it is unknown at present time whether this type of cell corresponds to the CNT cell in the mammalian kidney.
Mechanism of action of thiazide diuretics. Although it is known that thiazides have a property of carbonic anhydrase inhibitor, the diuretic potency of thiazides is not always in parallel with the potency of carbonic anhydrase inhibition (32) . By using free-flow micropuncture in the rat, Kunau et al. Costanzo and Windhager (7) observed the effect of chlorothiazide on sodium absorption in the superficial distal tubule of the rat kidney perfused in vitro with a sodium chloridecontaining and bicarbonate-free solution. They demonstrated that the drug inhibited sodium transport when it was applied in the lumen. This inhibitory effect was associated with a decrease in specific transepithelial resistance without any change in transepithelial voltage. This observation is in accord with the view that thiazides inhibit an electroneutral transport mechanism. Vela'zquez et al. (33) reported that in the rat distal tubule there is a sodium-dependent chloride transport mechanism. More recently, Wright and his associates (9, 10) demonstrated that thiazides inhibit this process. The observation in the present study that TCM did not inhibit C1-flux in the absence of Na+ supports the view that the drug affects sodium-dependent chloride transport in the CNT.
In the present study, we have analyzed the thiazide inhibitable sodium-dependent chloride transport more in detail in the CNT. Neutral sodium-dependent chloride transport includes at least three different categories; i.e., Na+-Cl-cotransport, Na+-K+-2ClP cotransport, and parallel antiport of Na+/H+ and Cl-/HCOj. We observed in the CNT that furosemide did not affect chloride transport and that TCM inhibited chloride flux in the presence of furosemide. These observations exclude the possible contribution of Na+-K+-2Cl-cotransport system in the action of TCM.
However, it is somewhat difficult to reconcile our data to those obtained in the rat distal tubule (8, 9, 28, 33, 34) . Using free flow micropuncture technique in the rat, Duarte et al. (34) found that during intravenous administration of furosemide sodium reabsorption in the distal tubule was not increased, even though the sodium concentration in the distal fluid was increased. It is possible that under these experimental condi- (41) . However, in view of the fact that bicarbonate secretion occurs in the CCD (42) (43) (44) (45) , it is more likely that the parallel antiport of Na+/H+ and Cl-/HCO-exists in the intercalated cell in the CNT. Our observation that TCM inhibited net Cl-flux only by 31 % (Table V) is in accord with the hypothesis that there are CF-transport mechanisms other than Na'-ClF cotransport. It is unknown whether Cl-/HCO3 exchanger entirely accounts for this component.
Late distal tubule of amphibian kidney is regarded to be comparable to the distal tubule of mammalian kidney (31, 46 By excluding other possible mechanisms that explain the Na' dependent electroneutral CF-transport, we reached the conclusion that a "simple" Na'-Cl-cotransport system exists in the CNT and that this is the major target of the action of thiazide diuretics. A similar conclusion was made by Stokes et al. (45) based on the studies in the urinary bladder of winter flounder. They demonstrated in this prepaiation a Na'-dependent CF-transport system that is not inhibited by high dose of amiloride or DIDS and Is little affected by loop diuretics. Although it has been reported in the toad or frog urinary bladder (47, 48) that thiazide inhibits electrogenic Na' absorption, this is clearly not the case in the mammalian CNT.
In summary, there are three distinct mechanisms of Na' transport in the luminal membrane of the rabbit CNT: (a) amiloride-dependent Na' conductance, (b) parallel antiport of Na+/H+ and Cl-/HCO5, and (c) simple Na+-Cl-cotransport. The inhibition ofNa+-Cl-cotransport is the major mechanism involved in the diuretic action of thiazides.
